Precision Measurement of B(ψ(3770) → γχ c1 ) and Search for ψ(3770) → γχ c2 with χ c1,2 → γJ/ψ → γℓ + ℓ
(Dated: April 29, 2015) We report a measurement of the branching fraction of ψ(3770) → γχc1 and search for the transition ψ(3770) → γχc2 based on 2.92 fb −1 of e + e − data accumulated at √ s = 3.773 GeV with the BESIII detector at the BEPCII collider. The measured branching fraction of ψ(3770) → γχc1 is B(ψ(3770) → γχc1) = (2.48 ± 0.15 ± 0.23) × 10 −3 , which is the most precise measurement to date. The upper limit on the branching fraction of ψ(3770) → γχc2 at a 90% confidence level is B(ψ(3770) → γχc2) < 0.64 × 10 −3 . The corresponding partial widths are Γ(ψ(3770) → γχc1) =
I. INTRODUCTION
The ψ(3770) resonance is the lowest-mass cc state lying above the open charm-pair threshold (3.73 GeV/c 2 ). Since its width is two orders of magnitude larger than that of the ψ(3686) resonance, it is traditionally expected to decay to DD meson pairs with a branching fraction of more than 99% [1] . This would be consistent with other conventional mesons lying in the energy region between the open-charm and open-bottom thresholds. However, if a meson lying in this region contains not only a cc pair, but also a number of constituent gluons or additional light quarks and anti-quarks, it may more easily decay to non-DD final states (such as a lower-mass cc pair plus pions [2] or light hadrons [3] ) than conventional mesons. In addition, if there are some unknown conventional or unconventional mesons nearby the cc state under study, the measured non-open-charm-pair decay branching fraction of the cc state could also be large [4] . For this reason, searching for non-open-charm-pair decays of the mesons lying in this region has become a way to search for unconventional mesons.
In 2003, the BES Collaboration found the first nonopen-charm-pair final state of J/ψπ
+ π − [5, 6] in data taken at 3.773 GeV. Since the final state J/ψπ + π − cannot be directly produced in e + e − annihilation, this process is interpreted to be a hadronic transition ψ(3770) → J/ψπ + π − , although it has not been excluded that this final state may be a decay product of some other possible structures [7] which may exist in this energy region. Following this observation, the CLEO Collaboration found that ψ(3770) can also decay into J/ψπ 0 π 0 , J/ψη [8] , γχ c0 [9] , γχ c1 [10] and φη [11] . In the CLEO-c measurements, the χ c0 and χ c1 were reconstructed with χ c0 → light hadrons and χ c1 → γJ/ψ, respectively. These observations incite strong interest in studying other non-DD decays of the ψ(3770), as well as searching for nonopen-charm-pair decays of other mesons lying in the energy region between the open charm-pair and open bottom-pair thresholds, particularly searching for J/ψX or ccX (where X denotes any other particle, or nπ, nK, and η, where n = 1, 2, 3 . . .) decays of these mesons in this energy region.
Within an S-D mixing model, the ψ(3770) resonance is assumed to be predominantly the 1 3 D 1 cc state with a small admixture of the 2 3 S 1 state. Based on this assumption, Refs. [12] [13] [14] [15] predict the partial widths of ψ(3770) E1 radiative transitions, but with large uncertainties. For example, the partial widths for ψ(3770) → γχ c1 and ψ(3770) → γχ c2 range from 59 keV to 183 keV and from 3 keV to 24 keV, respectively. In addition, the transition ψ(3770) → γχ c2 has yet to be observed. Therefore, precision measurements of partial widths of the ψ(3770) → γχ c1,2 processes are critical to test the above mentioned models, and to better understand the nature of the ψ(3770), as well as to find the origin of the non-DD decays of the ψ(3770).
In this paper, we report a measurement of the branching fraction for the transition ψ(3770) → γχ c1 and search for the transition ψ(3770) → γχ c2 based on (2916.94 ± 29.17) pb −1 of e + e − data [16] taken at √ s = 3.773 GeV with the BESIII detector [17] operated at the BEPCII collider.
II. BESIII DETECTOR
The BESIII [17] detector is a cylindrical detector with a solid-angle coverage of 93% of 4π that operates at the BEPCII [17] e + e − collider. It consists of several main components. A 43-layer main drift chamber (MDC) surrounding the beam pipe performs precise determinations of charged particle trajectories and provides ionization energy loss (dE/dx) measurements that are used for charged-particle identification. An array of time-offlight counters (TOF) is located radially outside of the MDC and provides additional charged particle identification information. The time resolution of the TOF system is 80 ps (110 ps) in the barrel (end-cap) regions, corresponding to better than 2σ K/π separation for momenta below about 1 GeV/c. The solid angle coverage of the barrel TOF is | cos θ| < 0.83, while that of the end cap is 0.85 < | cos θ| < 0.95, where θ is the polar angle. A CsI(Tl) electromagnetic calorimeter (EMC) surrounds the TOF and is used to measure the energies of photons and electrons. The angular coverage of the barrel EMC is | cos θ| < 0.82. The two end caps cover 0.83 < | cos θ| < 0.93. A solenoidal superconducting magnet located outside the EMC provides a 1 T magnetic field in the central tracking region of the detector. The iron flux return of the magnet is instrumented with about 1200 m 2 of resistive plate muon counters (MUC) arranged in 9 layers in the barrel and 8 layers in the endcaps that are used to identify muons with momentum greater than 500 MeV/c.
The BESIII detector response is studied using samples of Monte Carlo (MC) simulated events which are simulated with a geant4-based [18] detector simulation software package, boost [19] . The production of the ψ(3770) resonance is simulated with the Monte Carlo event generator KK, kkmc [20] . The decays of ψ(3770) → γχ cJ (J = 0, 1, 2) are generated with EvtGen [21] according to the expected angular distributions [22] . In order to study possible backgrounds, Monte Carlo samples of inclusive ψ(3770) decays, e + e − → (γ)J/ψ, e + e − → (γ)ψ(3686), and e + e − →(q = u, d, s) are also generated. For inclusive decays of ψ(3770), ψ(3686) and J/ψ, the known decay modes are generated by EvtGen with branching fractions taken from the PDG [23] , while the remaining unknown decay modes are modeled by LundCharm [24] . In addition, the background process e + e − → τ + τ − is generated with kkmc, while the backgrounds from e + e − → (γ)e + e − and e + e − → (γ)µ + µ − are generated with the generator babayaga [25] .
III. ANALYSIS
In this analysis, the process ψ(3770) → γχ cJ (J = 1, 2) is reconstructed using the decay chain χ cJ → γJ/ψ, J/ψ → ℓ + ℓ − (ℓ = e or µ).
A. Event selection
Events that contain at least two good photon candidates and exactly two oppositely charged tracks are selected for further analysis. For the selection of photons, the deposited energy of a neutral cluster in the EMC is required to be greater than 50 MeV. Time information from the EMC is used to suppress electronic noise and energy deposits unrelated to the event. To exclude false photons originating from charged tracks, the angle between the photon candidate and the nearest charged track is required to be greater than 10
• . Charged tracks are reconstructed from hit patterns in the MDC. For each charged track, the polar angle θ is required to satisfy | cos θ| < 0.93. All charged tracks are required to have a distance of closest approach to the average e + e − interaction point that is less than 1.0 cm in the plane perpendicular to the beam and less than 15.0 cm along the beam direction. Electron and muon candidates can be well separated with the ratio E/p, where E is the energy deposited in the EMC and p is the momentum measured in the MDC. If the ratio E/p is greater than 0.7, the charged track is identified as an electron or positron. Otherwise, if the energy deposited in the EMC is in the range from 0.05 to 0.35 GeV, the charged track is identified as a muon. The J/ψ candidates are reconstructed from pairs of leptons with momenta in a range from 1.2 to 1.9 GeV/c.
In the selection of the γγe + e − mode, we further require that the cosine of the polar angle of the positron and electron, θ e + and θ e − , satisfy cos θ e + < 0.5 and cos θ e − > −0.5 to reduce the number of background events from radiative Bhabha scattering.
To exclude background events from J/ψπ 0 and J/ψη with π 0 → γγ and η → γγ, the invariant mass of the two photons is required to be outside of the π 0 mass window (0.124, 0.146) GeV/c 2 and the η mass window (0.537, 0.558) GeV/c 2 .
B. Kinematic fit and mass spectrum of γJ/ψ
In order to both reduce background and improve the mass resolution, a kinematic fit is performed under the γγℓ + ℓ − hypothesis. We constrain the total energy and the components of the total momentum to the expected center-of-mass energy and the three-momentum, taking into account the small beam crossing angle. In addition to these, we constrain the invariant mass of the ℓ + ℓ − pair to the J/ψ mass. If the χ 2 of the 5-constraint (5C) kinematic fit is less than 25, the event is kept for further analysis.
The energy of the γ from the transition ψ(3770) → γχ cJ for J = 1, 2 is lower than that of the γ from the subsequent transition χ cJ → γJ/ψ, while the energy of the γ from the transition ψ(3770) → γχ c0 is usually higher than that of the γ from the subsequent transition χ c0 → γJ/ψ. To reconstruct the χ c1 and χ c2 from the radiative decay of the ψ(3770), we examine the invariant mass of γ H J/ψ, where γ H refers to the higher energetic photon in the final state γγℓ + ℓ − . Figure 1 (a) shows the distribution of the invariant masses of γ H J/ψ from the Monte Carlo events of ψ(3770) → γχ cJ → γγJ/ψ → γγℓ + ℓ − , which were generated at √ s = 3.773 GeV. Due to the wrong combination of the photon and J/ψ, the transition ψ(3770) → γχ c0 produces a broad distribution on the lower side; the events shown in the peak located at ∼ 3.51 GeV/c 2 are from the ψ(3770) → γχ c1 decay; while the events from the peak located at ∼ 3.56 GeV/c 2 are from the ψ(3770) → γχ c2 decay. Figure 2 shows the invariant-mass distribution of γ H J/ψ from the data. There are two clear peaks corresponding to the χ c1 (left) and the χ c2 (right) signals. Due to the small branching fraction (∼ 1%) and the wrong combination of the photon and J/ψ, the events from χ c0 → γJ/ψ decays are not clearly observed in Fig. 2 .
C. Background studies
In the selected candidate events, there are both signal events for ψ(3770) → γχ cJ → γγJ/ψ and background events. These background events originate from several sources, including: (1) decays of the ψ(3770) other than the signal modes in question; (2) (γ)µ + µ − , and continuum light hadron production, which are generated at √ s = 3.773 GeV. The shape of the invariant-mass distribution for these background events can be well described with a polynomial function. Using MC simulation, the contributions from decays of the ψ(3770) other than the signal mode, e + e − → (γ)τ + τ − , ISR J/ψ events, and cross contamination between the e + e − and µ + µ − modes of the signal events are found to be negligible.
In addition to the backgrounds described above, the background events from e + e − → (γ ISR )ψ(3686) with ψ(3686) → γχ cJ (χ cJ → γJ/ψ, J/ψ → ℓ + ℓ − ) decays can also satisfy the event selection criteria. This kind of background produced near √ s = 3.773 GeV has the same event topology as that of ψ(3770) → γχ cJ decays and are indistinguishable from the signal events. The number of background events from ψ(3686) decays can be estimated using
where σ obs ψ(3686)→γχcJ is the observed cross section of e + e − → γ ISR ψ(3686) with ψ(3686) → γχ cJ at √ s = 3.773 GeV, L is the integrated luminosity of the data used in the analysis, B χcJ →γJ/ψ is the decay branching fraction of χ cJ → γJ/ψ, B J/ψ→ℓ + ℓ − is the sum of branching fractions of J/ψ → e + e − and J/ψ → µ + µ − decays, and η ψ(3686)→γχcJ represents the rate of misidentifying the ψ(3686) → γχ cJ events as ψ(3770) → γχ cJ signal events. The observed cross section for e + e − → γ ISR ψ(3686) → γχ cJ at √ s is obtained with
where σ D ψ(3686)→γχcJ (s ′ ) is the dressed cross section for ψ(3686) → γχ cJ decay, s ′ = s(1 − x) is the square of the actual center-of-mass energy of the e + e − after radiating the photons, x is the fraction of the radiative energy to the beam energy, f (s ′ ) is a phase space factor, F (x, s) is the sampling function for the radiative energy fraction x at √ s [26] , G(s, s ′′ ) is a Gaussian function describing the distribution of the e + e − collision energy with an energy spread σ E = 1.37 MeV at BEPCII. σ
where Γ ee ψ(3686) and Γ tot ψ(3686) are, respectively, the leptonic and total width of the ψ(3686), M ψ(3686) is the mass of the ψ(3686), and B(ψ(3686) → γχ cJ ) denotes the decay branching fraction of ψ(3686) → γχ cJ (J = 0, 1, 2). The phase space factor is equal to [27] 
where E γ (s ′ ) and E MeV, Γ tot ψ(3686) = 299 ± 8 keV and Γ ee ψ(3686) = 2.36 ± 0.04 keV), the luminosity of the data, the decay branching fractions and the misidentification rates, we obtain the numbers of background events from ψ(3686) → γχ cJ → γγJ/ψ → γγℓ + ℓ − decays to be 5.3 ± 0.3 χ c0 , 225.4 ± 11.7 χ c1 and 158.4 ± 8.5 χ c2 , where the errors are mainly due to the uncertainties of the ψ(3686) resonance parameters, the luminosity, the branching fractions of ψ(3686) → γχ cJ , χ cJ → γJ/ψ and J/ψ → ℓ + ℓ − decays.
D. Signal events for ψ(3770) → γχcJ
To extract the number of signal events, we fit the invariant-mass spectrum of γ H J/ψ shown in Fig. 2 with a function describing the shape of the mass spectrum. The function is constructed with the Monte Carlo simulated signal shape as shown in Fig. 1 (a) to describe the signal, a fourth-order polynomial for the smooth background, and the Monte Carlo simulated mass shape for the e + e − → (γ ISR )ψ(3686) process with a yield fixed to the predicted size of the corresponding peaking background. In the fit the expected number of ψ(3770) → γχ c0 is fixed at 60.1 ± 8.6 events, which is estimated with the branching fraction for ψ(3770) → γχ c0 decay [23] and the total number of ψ(3770) as well as the reconstruction efficiency. The error in the estimated number of events is from the uncertainties of the branching fractions for ψ(3770) → γχ c0 , χ c0 → γJ/ψ and J/ψ → ℓ + ℓ − [23] , the total number of ψ(3770) and the reconstruction efficiency.
The fit returns 654.2±40.3 and 34.7±29.4 signal events for ψ(3770) → γχ c1 and ψ(3770) → γχ c2 decays, respectively. The red solid line in Fig. 2 shows the best fit. To estimate the statistical significance of observing ψ(3770) → γχ c2 signal events, we perform a fit with the χ c2 signal amplitude fixed at zero. Transforming the ratio of the fit likelihoods into the number of standard deviations at which the null hypothesis can be excluded gives a statistical signal significance of 1.2 standard deviations. The total number of ψ(3770) produced in the data sample is given by
where σ ψ(3770) is the total cross section for ψ(3770) production at 3.773 GeV in e + e − annihilation, which includes tree level and both ISR and vacuum polarization contributions. The BES-II Collaboration previously measured the cross section σ ψ(3770) ( √ s)| √ s=3.773 GeV = (7.15 ± 0.27 ± 0.27) nb [28] , which was obtained by weighting two independent measurements of this cross section [29, 30] .
Using this cross section σ ψ(3770) ( √ s)| √ s=3.773 GeV and the luminosity of the data [16] , we obtain the total number of ψ(3770) produced in the data sample to be
where the error is due to the uncertainties of the total cross section for ψ(3770) production and the luminosity of the data.
B. Branching fraction
The branching fractions for ψ(3770) → γχ c1 and ψ(3770) → γχ c2 decays are determined with
where N ψ(3770)→γχc1,2 is the observed number of signal events for ψ(3770) → γχ c1,2 decays, B χc1,2→γJ/ψ is the branching fraction for χ c1,2 → γJ/ψ, B J/ψ→ℓ + ℓ − is the branching fraction for J/ψ → ℓ + ℓ − decay, and ǫ ψ(3770)→γχc1,2 is the efficiency for reconstructing this decay.
The reconstruction efficiencies for observing ψ(3770) → γχ c1 and ψ(3770) → γχ c2 decays are determined with Monte Carlo simulated events for these decays. With large Monte Carlo samples, the efficiencies are found to be ǫ ψ(3770)→γχc1 = (31.25 ± 0.10)% and ǫ ψ(3770)→γχc2 = (28.77 ± 0.10)%, where the errors are statistical.
Inserting the corresponding numbers into Eq. (6) yields the branching fractions
and
where the first errors are statistical and the second systematic. The systematic uncertainty in the measured branching fractions of ψ(3770) → γχ c1 and ψ(3770) → γχ c2 includes eight contributions: (1) the uncertainty in the total number of ψ(3770) (5.4%), which contains the uncertainty in the observed cross section for ψ(3770) production at √ s = 3.773 GeV [28] and the uncertainty in the luminosity measurement [16] ; (2) the uncertainty in the particle identification (0.1%) determined by comparing the lepton identification efficiencies for data and Monte Carlo events, which are measured using the lepton samples selected from the ψ(3686) → π + π − J/ψ, J/ψ → ℓ + ℓ − process; (3) the uncertainty in the extra cos θ e ± requirement (0.1%) estimated by comparing the acceptances of this requirement for data and Monte Carlo events, which are determined using the electron samples selected from the ψ(3686) → π + π − J/ψ, J/ψ → e + e − process; (4) the uncertainty due to photon selection (1.0% per photon [31] ); (5) the uncertainty associated with the kinematic fit (2.1%) determined by comparing the χ 2 distributions and the efficiencies of the χ 2 < 25 requirement for data and Monte Carlo simulation, which are obtained using the ψ(3686) → γγℓ + ℓ − events selected from data taken at √ s = 3.686 GeV and the corresponding Monte Carlo samples; (6) the uncertainty in the reconstruction efficiency (0.3%) arising from the Monte Carlo statistics; (7) the uncertainties in the branching fractions of χ c1,2 → γJ/ψ and J/ψ → ℓ + ℓ − decays (3.6% for γχ c1 , 3.7% for γχ c2 [23] ); (8) the uncertainty associated with the fit to the mass spectrum (6.1% for γχ c1 , 73.2% for γχ c2 ) determined by changing the fitting range, changing the order of the polynomial, varying the magnitude of the peaking background from the radiative ψ(3686) tail by ±1σ and using an alternative signal function (Monte Carlo shape convoluted with a Gaussian function). These systematic uncertainties are summarized in Tab. I. Adding these systematic uncertainties in quadrature yields total systematic uncertainties of 9.4% and 73.6% for ψ(3770) → γχ c1 and ψ(3770) → γχ c2 decays, respectively. To obtain an upper limit on B(ψ(3770) → γχ c2 ), we integrate a likelihood function from zero to the value of B(ψ(3770) → γχ c2 ) corresponding to 90% of the integral from zero to infinity. The likelihood function is a Gaussian function constructed with the mean value of B and a standard deviation which includes both the statistical and systematic errors. Using this method, an upper limit on the branching fraction of ψ(3770) → γχ c2 is set to B(ψ(3770) → γχ c2 ) < 0.64 × 10 −3 (9) at the 90% confidence level (C.L.). [12] non-relativistic 95 3.6 relativistic 72 3.0 Rosner S-D mixing [13] φ = 12
• [13] 73 ± 9 24 ± 4 φ = (10.6 ± 1.3)
• [32] 79 ± 6 21 ± 3 φ = 0
• (pure 1 3 D1 state) [32] 133 4.8 Eichten-Lane-Quigg [14] non-relativistic 183 3.2 with coupled-channel corr. 59 3.9 Barnes-Godfrey-Swanson [15] non-relativistic The measured partial widths for these two transitions are compared to several theoretical predictions in Table II .
D. Partial cross section
Using the cross section σ ψ(3770) = (9.93 ± 0.77) nb for ψ(3770) production at √ s = 3.773 GeV, which is calculated using ψ(3770) resonance parameters [23] , together with the measured branching fractions for these two decays, we obtain the partial cross section for the ψ(3770) → γχ c1 transition to be σ(ψ(3770) → γχ c1 ) = (24.6 ± 1.5 ± 3.0) pb and the upper limit at the 90% C.L. on the partial cross section for the ψ(3770) → γχ c2 transition to be σ(ψ(3770) → γχ c2 ) < 6.4 pb.
V. SUMMARY
By analyzing 2.92 fb −1 of data collected at √ s = 3.773 GeV with the BESIII detector operated at the BEPCII, we precisely measure B(ψ(3770) → γχ c1 ) =
